The complete nucleotide sequence of apple scar skin viroid(ASSV) has been established, and a probable secondary structure is proposed. A single-stranded circular ASSV RNA consists of 330 nucleotides and can assume the rodlike conformation with extensive base-pairing characteristic of all the known viroids. ASSV shows low sequence homologies with other viroids and lacks the central conserved region. These indicate that ASSV should be allocated to a separate viroid group. However, homologous sequences with potato spindle tuber viroid(PSTV) in ASSV occur in limited and scattered regions of both viroids. These homologous regions fall within the particular domains in the viroid domain model which has been previously proposed by Keese and Symons(Proc. Natl. Acad. Sci. USA. 82, 4582-4586,1985).
INTRODUCTION
Apple scar skin (or dapple apple) is one of the most destructive disease in Japan and China (1) , although its occurrence is relatively rare in most apple producing countries. Two low molecular weight RNA species are found associated with the disease (2, 3) . One of the RNAs, ASSARNA 1 has properties typical of viroids. Electrophoretic analysis indicates that the RNA is circular (2) . ASSARNA 1 inoculated to apple plants can multiply in the plants (4) and cause the scar skin disease ( unpublished data ). Thus ASSARNA 1 is a causative agent of this disease. Another disease-associated RNA, ASSARNA 2 is a linear double-stranded RNA (3) . However, the role of the latter RNA is still unknown.
The symptoms of the disease are restricted to the fruit (5) whereas stunting of plants is a predominant symptom of most viroid diseases. Unlike most other viroids, no herbaceous host for the disease have been found so far. These unusual biological properties of the pathogen may reflect the difference in the structures or the mechanisms of replication between this pathogen and most other viroids.
It is of interest, therefore, to determine the complete primary sequence and estimate the secondary structure of this pathogen.
In the present study, ASSARNA 1 is found to be a singlestranded covalently closed circular RNA with a high degree of secondary structure and also possess properties similar to those of the viroids as well as its unique properties. Thus ASSARNA 1 should now be referred to as apple scar skin viroid (ASSV).
MATERIALS AND METHODS
Purification of ASSV and Synthesis of ASSVcDNA.
Total RNA rich in ASSARNA 1 was extracted from young apples as described previously (2,3) except that 1.5 M NaCl was added to the extraction buffer. The extracted nucleic acid was further fractionated by CF-11 cellulose column chromatography. The RNA thus obtained was digested with nuclease S1 as described (6) to produce linear molecules. The RNA (5 to 10 ^ug) was digested with 500 units of nuclease S1 in a reaction mixture (50 pi) at 0°C for 30 min. RNA was recovered by phenol extraction and ethanol precipitation. After PMase treatment, RNA was polyadenylated with poly A polymerase.
Synthesis of oligo dT-primed cDNA was as described by Gubler and Hoffman (7). Molecular cloning of cDNA and DNA sequencing.
cDNA was ligated to EcoRI linkers as described (8) . Excess linkers were removed from cDNA by spermine precipitation (9) . The cDNA was ligated to EcoRI-digested, dephosphorylated pUC13, and the recombinant molecules were transformed into E.coli JM103. Transformants were screened by iji situ colony hybridization using 3 P-ASSV RNA fragment. ASSV-RNA was electrophoretically purified as described previously (3) . The cDNA inserts were removed by digestion with EcoRI and separated from pUC13 DNA on a 5% polyacrylamide gel. The resulting cDNA inserts were inserted into the replicative form of M13mp11 and the nucleotide sequence was determined by the dideoxy nucleotide chain termination method (10) .
Northern blot hybridization.
Total RNA samples from apples were fractionated by electrophoresis in a 5% polyacrylamide gel (11) . Electrophoretic transfer of fractionated RNA samples to Zeta-probe membrane was performed by the method of Bodkin and Knudson (12) to analyze both of single-stranded and double-stranded RNA.
P-labeled DNA probe was prepared from ASSVcDNA clone (pUAS-14) which contains no poly A region using the Amersham's raultiprime DNA system.
RESULTS
Synthesis and molecular cloning of ASSVcDNA.
Ampicillin-resistant transformants were screened by colony hybridization with 32P-labeled ASSV, and 16 out of 2160 transformants were shown to contain ASSVcDNA inserts. After subsequent analysis by restriction enzymes, three cDNA clones, pUAS-1, -14, and -15 were selected for further analysis.
It was confirmed by Northern blot hybridization that the selected recombinants contain the sequence of ASSV and not any unrelated sequence. To eliminate the possibility that poly dT tail in a recombinant plasmid hybridizes to poly A-containing RNA in RNA samples, the clone pUAS-14 which has no dA-dT tail was used as a hybridization probe. The probe hybridized with the RNA corresponding to ASSARNA 1 in the RNA sample from the diseased apples but did not with the RNA from healthy apples at all ( data not shown ).
Another disease-associated RNA, ASSARNA 2 , which has the properties of linear double-stranded RNA (3) was not hybridized with the probe ( data not shown ). The result indicates that ASSARNA 2 does not contain ASSV RNA sequence, hence is not the intermediate in ASSV replication.
Complete nucleotide sequence and possible secondary structure of ASSV.
The nucleotide sequence of ASSVcDNA inserts were determined using the three clones, pUAS-1, -14 and -15. The length of the cDNA inserts in these clones were 154, 274 and 179 bases long, r r Fig. 1 .
Secondary structure of ASSV predicted from the nucleotide sequence. The numbering of residues follows the scheme of Gross e_t al. (25) for PSTV.
respectively. The assembly of the sequences of these cDNA inserts could construct the circular ASSV RNA molecule consisting of 330 nucleotides (Fig. 1 ) . The cDNA of the three clones were derived from the residues 13-166, 286-228 and 140-318 in the sequence of ASSV, respectively.
No sequence heterogeniety was found in these three cDNA inserts.
A possible secondary structure model ( Fig.1 ) was constructed from the ASSV sequence using the computer program described by Zuker and Stiegler (13) . In this model, ASSV RNA can form rodlike conformation with a high degree of base-pairing characteristic to the other viroids. Furthermore, the following data on ASSV also reveal that ASSV shares certain common properties with the other viroids (14) . (1) ASSV nevertheless differ from all other viroids. ASSV lacks the central conserved region found in all viroids sequenced so far except for avocado sunblotch viroid (ASBV). The common sequence GAAAC found in all the viroids and the virusoids (15) except for hop stunt viroid (HSV) is also absent in ASSV (16) . In addition, ASSV shows low sequence homologies with other viroids and also with virusoids. These indicate that ASSV should be allocated to a separate viroid group.
DISCDSSION
Striking features in the structure of ASSV are the absence of the central conserved region and low sequence homologies to all the other viroids. Nonetheless homologous sequences in limited and scattered regions are observed between ASSV and other viroids. Among these sequences, those between ASSV and potato spindle tuber viroid (PSTV) (hence viroids in the PSTV group) are most extensive. Fig. 2 shows the alignment of common sequences between ASSV and PSTV. The common sequences, up to 14 residues long, are located each other at the similar regions in their primary structures and occur in the same order. It therefore seems likely that these viroids or at least a part of those have arisen from a common ancestral RNA. The common sequences between ASSV and PSTV fall within or in a border of the three domains, T1 , P and V, respectively, in the secondary structure of PSTV. Keese and Symons proposed the viroid domain model (17) in which were contained five structural and functional domains. Five domains are C ( a conserved central core that may serve a essential role in viroid replication), P ( a region associated with pathogenicity), V ( a region with high sequence variability) and two T's ( left or right terminal domains that are interchangeable between viroids).
It seems strange that these common sequences between two viroids are in the three domains since these are more variable than the conserved central core (17) . The sequence relationship of these two viroids is difficult to explain solely by mutations. It is more plausible that these common sequences are derived from intermolecular recombinations between domains of a common ancestor and those of other ancestor(s). This idea agree with the hypothesis proposed by Keese and Symons (17) .
Homology to the 5'terminal sequence of mammalian U1 RNA (18) is also found in ASSV ( Fig. 3) .'However, this homologous sequence is not as extensive as those found in other viroids (19, 20, 16) . The sequence is occured in the central region of the upper strand, as in the case of HSV (16) , in the viroid secondary structure. In most other viroids, however, it is found in the opposite strand of the viroid secondary structures (19) .
As reported previously, a raultiraeric PSTV molecules can be folded by stable duplex formation in the central conserved region of PSTV that is suggested to be essential for processing of replicative intermediate of viroid (21, 22, 23) . ASSV also assume this configulation as shown in Fig. 4 . This long region is similarly composed of the upper portion of the central region in the secondary model of ASSV. Furthermore, the number of nucleotides in the region, 32 nucleotides, is almost the same as that of the corresponding regions of all the other viroids except for ASBV. There is, however, no conserved sequence in the regions and role of this structure remains to be seen.
ASSV lacks the sequence homologous to the central conserved region and shows the symptoms different from most other viroids. The central conserved region is considered to be a important region in viroid replication. From these facts, one can expect that ASSV differ more or less from most other viroids in viroid replication and pathogenicity. ASBV also lacks the central conserved region. ASBV (24) as well as coconut cadang-cadang viroid (CCCV) (25) are reported to localize in cytoplasms whereas most other viroids are present in nuclei (26) . Moreover, the symptoms of these two viroids also differ from most other viroids. It is, therefore, interesting to determine subcellular localization of ASSV.
